Autonomous Lagrangian Circulation Explorer (ALACE) floats were designed to measure subsurface velocities throughout the global ocean. In order to transmit their data to satellite, they spend 24 h at the ocean surface during each 10-25-day cycle. During this time the floats behave as undrogued drifters. In the Southern Ocean, floats tend to advect downwind and, in accordance with Ekman theory, slightly to the left of the wind during their time at the surface. Mean displacements are likely to carry floats northward and, correspondingly, with each cycle, the Southern Ocean floats will move into warmer water with higher dynamic height. Because of large variability, the northward trend may not be discernible for any single float: in 2 years' worth of 10-day cycles, a typical float will be displaced 100 Ϯ 270 km northward relative to a float that never surfaces. Float surface velocities and wind speed are statistically correlated at the 95% confidence level. Compared with drogued drifters, floats tend to move more rapidly, are advected more strongly downwind, and are more sensitive to changes in wind speed. Regression coefficients estimated from the differences between float and drogued drifter velocities suggest that floats may be used to estimate the mean upper ocean currents in regions where drogued drifter data are not available.
Introduction
Autonomous Lagrangian Circulation Explorer (ALA-CE) floats were developed in the late 1980s and have been deployed globally since the early 1990s to study middepth ocean circulation (Davis 1992 (Davis , 1998 . The success of the ALACE floats has led to a number of successor float designs, now being deployed through the Argo float program. The floats are equipped with an inflatable bladder and a pump so that they can adjust their buoyancy to travel between the surface and a fixed depth below the surface. ALACE floats spend most of their time at middepth, typically about 900 m, but are programmed to rise to the surface every 10-25 days in order to transmit to satellite their position, mean temperature, and, in some cases, vertical temperature and salinity profiles. Using current technology, floats spend about 24 h at the surface in order to contact an Argos system satellite and relay all of their information. This study focuses on the behavior of ALACE floats at the ocean surface.
In order to ensure that their antennas are above the water so that they can reliably contact the Argos satellites, ALACEs are designed to have substantial buoyancy at the ocean surface (Davis 1992) . Because the floats have no underwater drogue and ride far above the waterline, they tend to behave like undrogued surface drifters. Thus they are expected to be accelerated by the winds and waves and therefore are unlikely to follow the motions of water parcels in the upper ocean (Pazan 1996) .
Since ALACE floats may be displaced substantially by the wind at the surface and by surface intensified currents, they do not necessarily rejoin the same middepth streamline or water mass on consecutive dives. Therefore, most studies have treated successive velocity estimates from the same float as statistically independent and unrelated quantities (Davis et al. 1996; Davis 1998; Gille 2003) . However, the actual behavior of the floats at the surface has not been quantified, and some indications suggest that the trajectories obtained from each of the ALACE floats may resemble trajectories from nonsurfacing floats .
Rather than analyzing data from the entire globe, in this study we specifically concentrate on the Southern Ocean, although we expect that these results should extend to the global ocean. Section 2 discusses the data VOLUME used in this study. In section 3, we quantify the displacement of ALACE floats by surface currents as well as wind and wave motions. Section 4 examines the possibility of removing the wind slip from ALACE surface velocities, in much the way that wind slip is removed from undrogued surface drifters, in order to study upperocean circulation. Results are summarized in section 5.
J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L

Data
a. ALACE floats
For this study, we analyzed a total of 15 027 velocity observations from 302 ALACE floats operating in the Southern Ocean between 1990 and 2000. Surface velocities inferred from these records are shown in Fig. 1 (left). These represent mean velocities averaged over the 24-h period that the floats spend at the surface. Davis (1998) estimated the uncertainty in surfacing and diving positions to be 1-3 km. Observations are densest in the South Atlantic, where substantial numbers of floats were deployed, and in the Antarctic Circumpolar Current (ACC), where strong currents advect floats rapidly to provide extensive spatial coverage. The mean surface speed of the floats was 25.9 Ϯ 0.8 cm s Ϫ1 , and their mean direction at the surface was 6.7Њ Ϯ 1.2Њ to the north of due east. (Here, and throughout this paper, error bars assigned to means are standard errors, computed as 2/ , where is the standard deviation and N the ͙N number of independent samples.)
In order to evaluate how surface motions differ from subsurface motions at the same time and place, we examined the angular difference between surface motions and the subsurface float velocities observed immediately before and after surfacing. Since eastward winds are likely to drive northward Ekman transports everywhere, we restricted this analysis to times when subsurface velocities indicated eastward advection (with motions between Ϯ90Њ of due east). In these cases, surface velocities are rotated toward the north by an average of 3Њ Ϯ 1Њ relative to subsurface velocities.
b. Mean temperature and dynamic height
We compared ALACE float data with surface and subsurface temperature and dynamic height. These data were derived from the atlas compiled by Gouretski and Jancke (1998) , gridded at 1Њ resolution, and dynamic height was computed relative to 3000-m depth. Temperature and dynamic height contours both run predominantly from west to east. For example, at the locations where floats rise to the surface, surface temperature contours have a mean orientation of Ϫ0.5Њ Ϯ 0.3Њ just barely south of due east, and surface dynamic height contours are oriented 4.3Њ Ϯ 0.4Њ slightly to the north of due east.
c. Wind fields
In order to examine float response to wind forcing, we used 10-m wind fields derived from the National Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al. 1996) . NCEP winds are reported at 6-h intervals, with a spatial resolution of about 1.9Њ. We used the following procedure to interpolate NCEP winds onto float locations. First, for each 24-h interval that a float spent at the surface, we identified a starting point in time and space, an ending point, and three equally spaced intermediate points. We then linearly interpolated the 6-h winds onto these five points. For each surface displacement, mean winds were determined by averaging the five interpolated winds. Average winds are eastward, with a mean speed of 8.19 Ϯ 0.03 m s
Ϫ1
and a mean orientation of Ϫ7.5Њ Ϯ 0.6Њ slightly to the southeast.
Since winds vary slowly in space but rapidly in time, the correlation between float and wind velocities was significantly affected by the temporal averaging technique. Float velocities are more strongly correlated with mean winds computed using interpolated 6-h winds than they are with winds determined from 24-h average wind fields.
In order to verify that winds and floats were well matched, we examined the correlation between wind and float velocities by projecting the float velocities into along-wind and crosswind components. Here the component of wind that is 90Њ to the left of the wind is denoted as positive crosswind velocity. Figure 2 shows lagged covariances between wind and float velocity components. At zero time lag, the interpolated winds are related to simultaneous along-wind and crosswind float velocities with correlation coefficients of 0.28 and 0.10, respectively. Both correlations are statistically significant at the 99% level (meaning that in no more than 1% of randomly generated datasets would an equivalent level of correlation be observed). The correlation coefficient between winds and along-wind float velocity components increased to 0.30 when winds were 6 h earlier than float velocities, a difference that is significant at the 83% level. For the crosswind float motion, when winds preceded float velocities by 24 h, the correlation coefficient increased to 0.13, a difference that is significant at the 95% level. This suggests that the component of the float motion in the direction of the wind lags the wind by 6 h, while the component of float motion that is perpendicular to the wind responds with a 24-h delay. A 6-12-h delay for the downwind velocity was previously detected in surface drifter data by McNally and White (1985) . The fact that crosswind velocities lag the wind can be explained partially by the wind's tendency to rotate anticyclonically: downwind and crosswind components of the wind are most strongly correlated when they differ by 18 h. Other factors contributing to the time lag may include time varying Ekman transport, which responds to a changing wind field by gradually spinning up flow that is perpendicular to the wind (Gill 1982) , and frictional effects that dissipate energy input by the wind. For simplicity, this analysis makes use only of the zero-lag wind observations.
d. Surface drifters
Surface drifters supplied with 15-m-deep drogues were used to provide a benchmark in order to evaluate float behavior at the surface. This study employed 12 years of daily drifter observations from the Southern Ocean collected between 1989 and 2000, as depicted in Fig. 1 (right). Drifter coverage is not as extensive as ALACE coverage within the ACC but is more extensive in the region north of the ACC. Drifter data were archived at daily intervals, 6-h NCEP winds were interpolated onto the drifter locations, and drifter data were corrected for wind slip. Details of the drifter data are summarized by Niiler et al. (1995) and by Pazan and Niiler (2001) . The drifter velocity observations were calculated to decorrelate in 2-4 days, and the a priori error was estimated to be 0.02 m s Ϫ1 .
Float displacement at the surface
ALACE floats do not lend themselves to the same types of analyses that have been used for traditional subsurface floats (e.g., O'Dwyer et al. 2000; , because they spend 24 h at the ocean surface during each 10-25-day cycle. In this section we evalute the distance and direction that ALACE floats travel at the ocean surface.
We analyzed surface float displacements relative to reference fields defined by geographic coordinates, time-mean dynamic height, and time-mean temperature contours. In order to fully consider the changes in float properties as a result of surface displacements, dynamic height, and temperature were examined both at the surface and at 900 m. The subsurface depth of 900 m was chosen to be representative for this study because most VOLUME 20 . Surface displacements are calculated relative to dynamic topography at 900-m depth (referenced to 3000-m depth) from the Gouretski and Jancke (1998) atlas. TABLE 1. Mean velocity of ALACE floats at the surface and at 900-m depth, relative to lines of latitude, dynamic height relative to 3000 m and temperature contours, where N is the number of observations, and reported errors of the mean are 2 times the std dev divided by ͙N. As discussed in the text, temperature and dynamic height at the surface and at 900-m depth are derived from hydrographic atlas data mapped by Gouretski and Jancke (1998) .
Displacement
Zonal direction Dynamic height contour of the ALACE floats were ballasted to depths between 700 and 1100 m. Surface float displacements can be represented by two-component vectors oriented relative to the reference fields. The ''along-stream'' component of float displacement is zonal for a reference field defined by geographic coordinates and on average nearly zonal for reference fields defined by dynamic height or temperature. Southern Ocean currents tend to be surface intensified but unidirectional throughout the water column, so mean surface streamlines do not differ substantially from mean subsurface streamlines. The ''cross-stream'' component of float displacement moves floats perpendicular to the reference field. Figure 3 shows empirical probability density functions (PDFs) of the displacement velocities of ALACE floats at the ocean surface relative to geostrophic streamlines. These PDFs do not differ visibly from PDFs of the displacement velocities relative to temperature contours or geographic coordinates (not shown). Zonal and along-stream velocities (dashed line) show a positive mean, indicating that the surface displacements are eastward, in the same direction as the wind and aligned roughly along contours of temperature or dynamic height. PDFs of meridional or cross-stream velocities (solid line) are centered near zero but are, on average, positive (see upper part of Table 1 ), implying northward transport at the surface. This is consistent with a mean Ekman transport oriented to the left of the Southern Ocean winds. The widths of the PDFs in Fig. 3 indicate that there is substantial variability about the mean. In particular, cross-stream surface motions may be difficult to distinguish from a random walk centered around the mean geostrophic streamlines. Table 1 summarizes the statistics of the float velocities. The first part of the table shows mean velocities at the surface relative to geographic, dynamic height, and temperature contours. The second part indicates mean velocities at 900-m depth, estimated by projecting the float observations from depths between 700 and 1100 m onto the 900-m-depth surface, as discussed by Gille (2003) . Along-stream surface float velocities are roughly 3 to 4 times greater than along-stream subsurface velocities. Thus, in 24 h at the surface, a float is likely to travel the same along-stream distance that it would in 3 or 4 days at 900-m depth. Cross-stream surface velocities are an order of magnitude larger than cross-stream subsurface velocities, which are barely distinguishable from zero at the 95% significance level. Thus, for a float that spends 10 days at 900 m for every 1 day at the ocean surface, at least 50% of cross-stream motions will be due to surface processes.
As a result of cross-stream surface motions, on average the surface temperature and dynamic height of the water surrounding the float will increase during the time that the float spends at the surface. In addition, when the float resubmerges, it is expected to return to a water mass that is warmer and has higher dynamic height than the water from which it came. To quantify these changes,
Mean changes in properties of ALACE floats in 24 h relative to temperature contours and geostrophic streamlines at the surface and 900-m depth relative to 3000 m, where N is the number of observations, and reported errors of the mean are 2 times the std dev divided by ͙N. As discussed in the text, temperature and dynamic height at the surface and at 900-m depth are derived from hydrographic atlas data objectively mapped by Gouretski and Jancke (1998) .
Dynamic height Temperature
Change in properties at the surface during 1 day at the surface Mean N 0.11 Ϯ 0.03 cm 12 176
(1.1 Ϯ 0.3) ϫ 10 Ϫ2 ЊC 14 694
Change in properties at 900 m resulting from 1 day at the surface Mean N (3.9 Ϯ 1.3) ϫ 10 Ϫ2 cm 12 176
Change in properties at 900 m during 1 day at 900 m Mean N (2.6 Ϯ 4.8) ϫ 10 Ϫ3 cm 9256 (2.5 Ϯ 3.6) ϫ 10 Ϫ4 ЊC 11 753
we interpolated time-averaged mean atlas data from Gouretski and Jancke (1998) onto the beginning and end points for the surface displacements. Table 2 summarizes the average changes in dynamic height and temperature that would be expected as a result of 24-h displacements. The first part of the table shows the expected increase in surface properties. In a typical 24-h period at the surface, an ALACE float is expected to move into water that is 0.1 Ϯ 1.6 dynamic centimeters higher and 0.01Њ Ϯ 0.20ЊC warmer than the water where it started. (Error bars in Table 2 are errors of the mean, while results discussed here in the text are errors for single realizations.) The second part of the table shows that as a result of this surface advection, a float ballasted to 900-m depth would typically return to water that was 0.04 Ϯ 0.71 dynamic centimeters higher and (3 Ϯ 67) ϫ 10 Ϫ3 ЊC warmer than the water in which it floated in the previous cycle. The final segment of Table 2 shows the expected change in subsurface properties as a result of a 1-day displacement at 900-m depth. In contrast with surface velocities, subsurface velocities are on average oriented along mean dynamic height or temperature contours. In a statistically averaged sense, subsurface motions change neither the dynamic height nor the temperature of the water surrounding the floats.
In 2 years' worth of 10-day cycles, a float will spend about 70 days at the surface. These results indicate that in this time a typical float is likely to be displaced 540 Ϯ 380 km eastward and 100 Ϯ 270 km northward relative to a float that never rose to the surface. At 900-m depth, this is equivalent to an average change of 0.027 Ϯ 0.120 dynamic meters and 0.22Њ Ϯ 1.10ЊC. Thus for an individual float, the impact of spending time at the surface may not have a discernible pattern, but for the collective dataset, surface processes are likely to result in a northward advection and statistically significant change in temperature and dynamic height that could not be attributed to subsurface processes. Moreover, temperature and dynamic height shifts are likely to be largest where gradients are sharp, within the Antarctic Circumpolar Current. Surface displacements should be taken into account in computations of extended time period float behavior, and they are likely to be particularly important for conventional dispersion calculations that examine the statistics governing the gradual separation of two floats launched from the same location (e.g., Taylor 1921; LaCasce and Bower 2000).
Surface circulation from floats
Surface displacements may make long-term ALACE trajectories difficult to interpret, but they also have the potential to tell us about surface ocean circulation. Pazan and Niiler (2001, hereafter PN01) explored the possibilities of estimating the wind slip of undrogued surface drifters by comparing the wind responses of drogued and undrogued drifters. ALACE floats have roughly the same shape as drifters that have lost their drogues and are expected to behave in much the same way. Therefore, we have applied a method analogous to that of PN01 to investigate ALACE drift velocities at the ocean surface.
PN01 used two-dimensional complex regressions to determine the dependence of drogued and undrogued drifter velocities on wind speed. We use the same type of regression model to determine the dependence of ALACE float and drogued drifter velocities on winds. We seek relationships of the form 
A f a. Southern Ocean-wide average differences between drogued and undrogued motions
All available float and drogued drifter data were used to derive geographically averaged coefficients, provided that they fell within three standard deviations of the mean velocities and came from the region south of 30ЊS. Drifter data represent repeated measurements from the same instruments and are estimated to decorrelate on timescales of 2-4 days. Therefore, we assumed that onethird of drifter observations were statistically independent. In contrast, since surface float observations are separated in time by at least 8 days, all float observations were assumed to be statistically independent. Table 3 summarizes the magnitudes and angular orientations of the fitted coefficients. The angle of B, B , is larger for the drogued drifter data than it is for the ALACE floats, implying that drogued drifters are advected more clearly to the left of the wind than are floats. This is not surprising, since the drogues of the drifters are deeper within the Ekman layer than the surface floats are, so drogued drifters should roughly follow the motions of water 15 m below the surface.
b. Undrogued versus drogued motions in geographic subregions
In situations where W f ϭ W d the difference between (2) and (1) represents the difference between float and drifter motions:
. In this case, the expected motions of a drogued drifter can be predicted using the measured surface float motions U f and wind velocity W f along with the coefficients A ⌬ and B ⌬ . As Table 3 indicates, the mean winds for the full Southern Ocean, W f and W d , are not the same within standard errors and differ by more than 50%. Therefore, we did not apply (3) to the statistics reported in Table 3 but instead carried out our analysis in geographic regions in which W f and W d were similar in value. Following the framework developed by PN01, we sorted the float and drifter data collected between 30Њ and 60ЊS into 2Њ latitude by 8Њ longitude (2 ϫ 8) bins. Since Southern Ocean flow is predominantly zonal, we also considered 1Њ latitude by 360Њ longitude (1 ϫ 360) bins. For each bin we computed separate sets of regression coefficients. PN01 selected 2 ϫ 8 bins for further analysis only if they met specified statistical criteria, and we applied these criteria where possible. Bins were selected for further analysis if they contained at least 25 float observations and if no more than 20% of the drifter observations were provided by a single drifter. In addition, the difference between the wind speeds for drifters and floats was required to be 1 m s Ϫ1 or less, and the float and drifter mean wind directions could differ by no more than 30Њ. PN01 also mandated that the mean winds be between 3 and 8 m s Ϫ1 , but this criterion proved impractical in the Southern Ocean since it would have eliminated all of the bins located in the ACC region. As with the mean coefficients derived above, float and drifter velocities were excluded from the calculation if they differed from the local mean by more than three standard deviations. 
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Ϫ3 . In our analysis, for 2 ϫ 8 bins, the weighted mean of B ⌬ has a magnitude of (7.7 Ϯ 0.2) ϫ 10 Ϫ3 , which agrees with the mean of PN01's within error bars. For 1 ϫ 360 bins the absolute value of the weighted mean ⌬ is (6.7 Ϯ 0.1) ϫ 10 Ϫ3 , slightly lower than the mean B obtained from the analysis of 2 ϫ 8 bins. Neither the 2 ϫ 8 bins nor the 1 ϫ 360 bins show a trend with latitude.
For both 2 ϫ 8 and 1 ϫ 360 bins, in Fig. 4d , the angles are near zero with no latitudinal dependence.
B ⌬
The phase of the weighted means, , is Ϫ3.5Њ Ϯ 1.0Њ B ⌬ for 2 ϫ 8 bins and 0.6Њ Ϯ 1.0Њ for 1 ϫ 360 bins, while PN01's estimate of Ϫ1.4Њ Ϯ 0.4Њ lies in between these two estimates. This suggests that wind-forced undrogued motion is aligned in the direction of the wind.
Since none of the coefficients depend strongly on latitude, and the 2 ϫ 8 bin results are based on fewer observations and are therefore broadly scattered, the best estimates of A ⌬ and B ⌬ are the weighted mean values from the 1 ϫ 360 case:
Although formal error bars for the coefficients are small, statistical errors are likely to be large for each individual realization, because of the large variances in the wind and float velocity fields and also because of uncertainties in wind fields and background flow. Therefore, estimates of drogued drifter behavior made from undrogued ALA-CE floats are likely to be noisy. Uncertainties in mean flow fields should drop like 1/ , so that large-scale ͙N flow patterns derived from many independent obser-VOLUME 20
vations may depict the mean large-scale flow realistically. These mean fields are likely to be particularly valuable in regions of the world where surface flows are otherwise difficult to sample.
Summary
This study has analyzed the behavior of ALACE floats at the surface of the Southern Ocean. All of the floats deployed during the 1990s as part of the World Ocean Circulation Experiment relied on Argos system satellites to transmit their data to land. Transmission required that the floats spend 24 h at the surface during each float cycle of 10-25 days.
Because of windage and the Ekman effect, during their time at the surface Southern Ocean floats tended to move northward relative to temperature isolines, dynamic height contours, and lines of latitude. Nonetheless, even in the high-wind region of the Southern Ocean, floats tend to travel farther along streamlines than across them. This analysis indicates that in the course of 70 days at the surface, representing 2 years' worth of 10-day cycles, a typical float would move 540 Ϯ 380 km eastward and 100 Ϯ 270 km northward relative to a float that never surfaced. As a result of this northward displacement, the mean temperature of a 900-m-deep float would be expected to increase by 0.22Њ Ϯ 1.10ЊC and the mean dynamic height to rise by 0.027 Ϯ 0.120 dynamic meters.
Surface float motions are statistically correlated with NCEP winds at the 95% level. In least squares fits to wind velocity data, floats, which are undrogued, have larger regression coefficients than drogued drifters, indicating that the floats respond more strongly to wind than drifters do. Differences between float and drifter regression coefficients are constant as a function of latitude. Using derived coefficients, the upper-ocean currents seen by drogued drifters can be reconstructed from undrogued floats in combination with wind fields.
The successors to ALACE, dubbed Argo floats, will be deployed extensively over the next decade to monitor global climate variability. Argo planners hope to take advantage of new global telecommunications satellites in order to shorten the time period that the floats need to spend at the ocean surface, which would make longterm dispersion analysis possible using float data. Logistical and financial difficulties faced by the global satellite programs may delay the implementation of highspeed telecommunications systems and yield an extended dataset of day-long surface displacements. Results of this study suggest that these surface velocity records can be used as a noisy complement to surface drifter datasets. Ultimately, if global satellite coverage is available, Argo floats are likely to spend an hour or less at the surface during each cycle. If sufficient data were available, even short-duration surface displacements could be used to detect surface currents, although the inferred velocities would be sensitive to small positioning errors and therefore might be difficult to interpret.
